It is important to know what cues the sensory system extracts from natural stimuli and how the brain uses them to form perception. To explore this issue, Smith, Delgutte, and Oxenham ͓Nature ͑London͒ 416, 87-90 ͑2002͔͒ mixed one sound's temporal envelope with another sound's fine temporal structure to produce auditory chimaeras and found that ''the perceptual importance of the envelope increases with the number of frequency bands, while that of the fine structure diminishes.'' This study addressed two technical issues related to natural cochlear filtering and artificial filter ringing in the chimaerizing algorithm. In addition, this study found that the dichotomy in auditory perception revealed by auditory chimaeras is an epiphenomenon of the classic dichotomy between low-and high-frequency processing. Finally, this study found that the temporal envelope determines sound location as long as the interaural level difference cue is present. The present result reinforces the original hypothesis that the temporal envelope is critical for speech perception whereas temporal fine structure is critical for pitch perception, but does not support the assertion regarding the temporal envelope and fine structure as the acoustic basis for the ''what'' and ''where'' mechanisms.
I. INTRODUCTION
Classical dichotomies in auditory perception include pitch encoding with temporal and spectral cues ͑Licklider, 1951͒, sound localization with interaural time and level differences ͑Rayleigh, 1907͒, and listening with either the ''auditory '' or ''speech'' mode ͑Liberman and Mattingly, 1989͒. Recently, Smith et al. ͑2002͒ showed a new dichotomy in auditory perception between temporal envelope and fine structure cues. They first digitally filtered a wideband signal ͑80-8 820 Hz͒ into 1-64 frequency bands and then used the Hilbert transform to decompose the band-limited signal into a slowly varying envelope component and a fast varying fine-structure component. To assess relative contributions of temporal envelope and fine structure to auditory perception, they produced ''auditory chimaeras'' by mixing one sound's envelope with another sound's fine structure. By conducting listening tests with the chimaeric sounds, they found that the envelope is most important for speech reception, and the fine structure is most important for pitch perception and sound localization. Smith et al.' s ͑2002͒ report has generated much interest in the field and already stimulated several new studies in speech perception ͑Xu and Pfingst, 2003͒ and in cochlear implants ͑Hong et al., 2003; Litvak et al., 2003͒. Here we address two technical issues in Smith et al.'s chimaerizing algorithm. One issue is related to an over-interpretation of the role of the fine structure cue with a few frequency bands ͑e.g., 1 and 2͒. The other issue is related to a filter ringing artifact that may have contributed to an over-interpretation of the role of the envelope cue with a large number of frequency bands ͑e.g., 32, 48, and 64͒. In addition, we take issue with the generality of Smith et al.' s assertion that the temporal envelope and fine structure are the acoustic basis of ''what'' and ''where'' cortical mechanisms.
II. ENVELOPES RECOVERED BY COCHLEAR FILTERING
Smith et al. ͑2002͒ found 70%-90% correct performance for chimaeric sounds with one-or two-band speech fine structure and noise envelope. This result was reminiscent of the classical work by Licklider and Pollack ͑1948͒ showing that infinite amplitude clipping had minimal effects on speech recognition. Because both the noise envelope in the speech-noise chimaeric sound and the envelope in the infinitely clipped speech were relatively flat, the good speech performance appeared to suggest a significant contribution of the fine structure to speech intelligibility. This suggestion is inconsistent with previous work showing that the fine structure with flattened 1 4 -oct band temporal envelopes contributed only about 17% speech intelligibility ͑Drullman, 1995͒. This inconsistency lies in the auditory filter's ability to recover the narrow-band speech envelope from the broad-band speech fine structure ͑Ghitza, 2001͒.
To demonstrate the auditory filter's ability to recover the narrow-band speech envelope, Fig. 1 shows the output of the gammachirp auditory filters ͑Irino and Patterson, 2001͒ in response to the original speech ͑top panel͒ as well as to the a͒ Portions of this work were presented at the 26th Midwinter Meeting of the Association for Research in Otolaryngology, Daytona Beach, FL, 2003. b͒ one-band chimaerized stimulus with the noise envelope but the speech fine structure ͑bottom panel͒. The chimaeric sound's narrow-band envelopes were significantly correlated with the original speech envelopes with the mean coefficient of 0.44 from all 16 bands and a range from 0.68 at the high frequency band to 0.15 at the intermediate frequency band, suggesting that the auditory filters could at least partially recover the original narrow-band speech envelope from the one-band speech fine structure. To quantify the contribution of the recovered narrow-band speech envelopes, we additionally amplitude modulated them to noise having the same bandwidth as the original gammachirp filters ͑Shannon et al., 1995͒ and measured their performance using the HINT sentences ͑Nilsson et al., 1994͒ in four normal-hearing subjects. The mean percent correct score was 79% ͑SDϭ9%͒ for the original one-band chimaerized sound, similar to the 70% score obtained in the Smith et al. study. However, we found a mean score of 40% ͑SDϭ12%͒ for the additionally synthesized sound, suggesting that the recovered envelope could account for at least half of the performance from the oneband chimaerized sound that contained the speech fine structure and the noise envelope. Therefore, taking cochlear filtering into account, the present result has effectively removed the number of bands as a significant factor and reinforced the original idea that the temporal envelope is critical for speech recognition ͑Van Tasell et al., 1987; Drullman, 1995; Shannon et al., 1995͒. 
III. ARTIFICAL FINE STRUCTURE INTRODUCED BY FILTER RINGING
Smith et al. ͑2002͒ observed a contribution of the envelope to pitch recognition only with a large number of frequency bands ͑e.g., 48 and 64͒. We found this result counter intuitive. Consider the following simplistic case in pitch perception, namely chimaerizing two sinusoids. In this case, the Hilbert envelope of a sinusoid is the amplitude and its Hilbert fine structure is the cosine of the phase of the analytic signal ͓cos(2ft)͔, with frequency being the only difference between the two sinusoids. To the extent that pitch is related to frequency, amplitude ͑i.e., temporal envelope͒ should not determine the pitch of a sinusoid. 1 Why then could Smith et al. come to the conclusion that pitch is determined by the envelope with the large number of bands? Figure 2 shows the waveform and its Fourier spectrum at the output of a few selected bands ͑the total number of bandsϭ64͒ in response to a sinusoid at either 250 Hz ͑top panels͒ or 8600 Hz ͑bottom panels͒. In the top panels, the 11th band had a center frequency of 258 Hz and expectedly produced the largest response to the 250-Hz sinusoidal stimulus. The other bands' responses were much smaller ͑hardly seen in the waveform͒ but contained both the leaked stimulus at 250 Hz ͑the peak aligned to that in the 11th band͒ as well as the ringing located at the filter's center frequency ͑the additional peak whose position systematically increased with the band number͒. The same pattern can be observed for the filter responses to the 8600-Hz sinusoidal stimulus.
When chimaerizing between the two sinusoids, the large envelope in the band that contained the stimulus ͑e.g., the 64th band containing the 8600 Hz sinusoid͒ would be combined with the fine structure in the same band in response to the 250-Hz sinusoid, which had a dominant component at the ringing frequency of 8565 Hz. This ringing frequency was close enough to 8600 Hz, resulting in an impression that the envelope determines pitch when the number of frequency bands is large as reported by Smith et al. ͑2002͒ . With a large number of bands, the difference is small between the ringing frequency and the original signal frequency, making the differentiation between Smith et al.'s envelope argument and the present ringing argument subtle in a practical sense. However, the theoretical differentiation is important because the ringing is primarily determined by the filter properties, such as the center frequency and the bandwidth, having nothing to do with the original signal; we suggest that the data showing dependence of pitch perception on the temporal envelope obtained by Smith et al. at these large frequency bands ͑32-64͒ are an artifact of filter ringing.
IV. ''WHERE'' VERSUS ''WHAT'': A NEW OR OLD DICHOTOMY?
Smith et al. ͑2002͒ showed a dichotomy in speech recognition and sound localization by presenting chimaeric speech sounds with either a 700-s delayed envelope or fine structure. With the 16-and 32-band conditions ͑their Fig. 4͒ , they clearly demonstrated that the envelope cue is important for speech recognition and the fine-structure cue is important for sound localization, revealing a possible acoustic basis for the hypothesized ''what'' and ''where'' pathways in the auditory cortex ͑Tian et al., 2001͒. This result is provocative but lacks the necessary generality to support its assertion.
First, to examine what acoustic cues were responsible for the observed dichotomy in the Smith et al. results, we used an identical algorithm and procedure to measure the intelligibility and localization of an exemplary condition in the Smith et al. ͑2002͒ study, in which one sentence's envelope was mixed via a 16-band chimaerizer with another sentence's fine structure that had a 700-s ITD ͑leading in the right ear͒. In addition, we processed those stimuli by the classic low-and high-pass filtering ͑sixth-order Butterworth filters͒. Figure 3 shows averaged lateralization ͑top panel͒ and intelligibility ͑bottom panel͒ data as a function of the cutoff frequency for low-pass ͑filled circles͒ and high-pass ͑open triangles͒ filtering of the chimaeric sound in three normal-hearing listeners. Note first in the low-pass condition that the subjects used mostly the ITD cue in the fine structure to lateralize to the right ear. Note second in the high-pass condition that the subjects did not use the ITD cue in the fine structure but rather the ILD cue in the envelope to lateralize the sound ͑i.e., a center position in the head͒. This was true even with the 200-Hz high-pass condition, in which the subjects only slightly lateralized ͑scaleϭ1͒ to the right ear. A repeated-measure ANOVA confirmed that the difference between the low-and high-pass conditions was significant ͓F(1,2)ϭ135.32; pϽ0.01͔. This result suggests that lateralization using the ITD cue in the present chimaeric sound is essentially a low-frequency phenomenon.
Note a totally different pattern of results for the intelligibility data, in which those low-frequency components ͑Ͻ800 Hz͒ that dominated lateralization contributed essentially nothing to speech intelligibility ͑see the three leftmost filled circles representing 200-, 400-, and 800-Hz low-pass cutoff frequencies͒. On the contrary, it was the highfrequency components that contributed to speech intelligibility. Thus the present low-pass and high-pass filtering data clearly demonstrate that the perceptual dichotomy between the temporal envelope and fine structure cues observed in the Smith et al. ͑2002͒ study was due to the well-known difference between the use of the low-frequency ITD cue for lateralization and the use of the high-frequency cue for intelligibility ͑Rayleigh, 1907; French and Steinberg, 1947; Oppenheim and Lim, 1981͒. Second, to directly test the generality of Smith et al.'s assertion relating the temporal envelope and fine structure to the ''what'' and ''where'' mechanisms, we constructed two chimaeric stimuli that contained either a 15-dB ILD cue or conflicting ITD and ILD cues extracted from head-related transfer functions. 2 The ILD cue reflects an overall level difference that is inherently embedded in the temporal envelope, whereas the ITD cue in naturally embedded in the temporal fine structure. Figure 4 shows the effect of the ILD cue on lateralization with the ITD cue towards either left ͑top Although the conflicting ITD cue slightly reduced the ILD-alone effect ͑0.5 to 1 on the Ϫ3 to 3 scale used͒, the result clearly showed that whenever the ILD cue is present, the temporal envelope, rather than the fine structure, largely determines sound location.
V. FINAL REMARKS
Smith et al. ͑2002͒ presented an innovative algorithm ͑''auditory chimaeras''͒ to assess the relative contribution of temporal envelope and fine structure to auditory perception. Here we addressed two technical issues that one should be aware of when using their chimaerizing algorithm and in interpreting the results derived from auditory chimaeras. First, one should be aware of the ear's natural ability to recover the narrow-band envelope with broad-band processing for a small number of frequency bands ͑e.g., 1 and 2͒. Second, one should be concerned about filter ringing artifacts with narrow-band processing for a large number of bands ͑e.g., 32, 48, and 64͒. In addition, we performed a classic filtering manipulation on the chimaerized sounds and found clear evidence suggesting that the dichotomy revealed by the auditory chimaeras is an epiphenomenon of classic duplex perception between low-and high-frequency pathways. Finally, we provided two counter examples showing that the temporal envelope via an ILD cue determines sound location for both conditions where the ITD cue was either neutral or in conflict with the ILD cue. The present result reinforces the previously proposed hypothesis that the temporal envelope is critical for speech recognition whereas the temporal fine structure is critical for pitch perception. However, the present result does not support the assertion regarding the temporal envelope and fine structure as the acoustic basis for ''what '' and ''where'' mechanisms. 
